We have used the Australia Telescope Compact Array to image four southern luminous blue variable stars: AG Car, He3-519, HR Car and WRA 751, at wavelengths of 3 and 6 cm, and resolutions of 1 and 2 arcsec respectively. With the partial exception of HR Car, all radio images show an unresolved stellar core surrounded by a large ionized gaseous nebula, and agree well with published Ha and [N II] optical images. The image of WRA 751 shows a stellar torus or disc. HR Car's radio image is unusual, and seems best explained by the presence of a hot binary companion.
I N T R O D U C T I O N
Luminous blue variables (LBVs) are very massive stars that have evolved off the main sequence en route to becoming Wolf -Rayet stars (Maeder 1984 (Maeder , 1989 Humphreys 1989) . They are characterized by large initial main-sequence masses (,50 M ( ), large luminosities (.10 5 L ( ) and variable visual brightness. Episodically, at intervals of hundreds or thousands of years, they suffer major eruptions and eject several M ( of material. The stage is short-lived, and as a consequence only about 10 LBVs are known in our galaxy, but two of them, h Carinae and P Cygni, are amongst the most famous of all stars.
The mass loss from LBVs during large outbursts may be greater than that for any other single stars except supernovae, and because of this and their enormous luminosity, they dramatically influence their environment. Infrared and optical observations have shown that six of the known galactic LBVs (h Carinae, AG Car, HR Car, He3-519, WRA 751, and HD 168625) are surrounded by dust and ionized gas (Hutsemékers 1994) . This surrounding ionized gas should produce thermal emission at radio wavelengths, and indeed such emission has been found in the LBVs P Cygni (Wendker, Baars & Altenhhoff 1973; White & Becker 1982) , HD 168625 (Leitherer, Chapman & Koribalski 1995) , AG Car (Milne & Aller 1975) , and detected and imaged from h Carinae (Retallack 1983; White et al. 1994; Duncan, White & Lim 1997; Duncan et al. 1999) . G25.5 þ 0.2, possibly an optically obscured LBV, has also been imaged at radio wavelengths (Cowan et al. 1989; Subrahmanyan et al. 1993) . The aim of the work reported here has been to obtain radio images of the four hitherto unimaged southern LBVs, AG Car, He3-519, HR Car and WRA 751, all in the constellation Carina.
O B S E RVAT I O N S
The observations were made with the Australia Telescope Compact Array, at Narrabri New South Wales from 1994 to 1996, at two wavelengths, usually 3 and 6 cm, simultaneously. The most frequently used configuration comprised six 22 m antennas along an east-west array, such that the baselines were almost equally spaced from 337 to 5939 m (6 km array). At a wavelength of 3 cm, this configuration yields an angular resolution of about 1 arcsec, but is insensitive to structure larger than about 30 arcsec. Therefore, to provide information on possible larger-scale structure, these long-baseline observations were supplemented with observations at shorter spacings. In these short-baseline observations, the baselines were approximately equally spaced between either 153 and 1468 m (1.5 km array) or 77 and 735 m (0.75 km array). All observing sessions were approximately 12 hours in length, but this time was sometimes shared between two or more sources. In such cases, to obtain reasonable u -v coverage, the time on each source was split into about six sections, distributed over the Local Sidereal Time range of the source. Details of the observing dates, frequencies, and array lengths are given in Table 1 . The radio images of all four LBVs show both compact stellar cores and extended ionized gaseous nebulae. These images were used to estimate stellar positions, and stellar and nebular fluxes and spectral indices.
Stellar positions and fluxes
At both 3 and 6 cm, the positions and fluxes of the stellar cores were estimated by using the Gaussian-fitting AIPS utility IMFIT. The stellar flux estimates were then confirmed, and in some cases finetuned, by subtracting this flux as a model point source in the u -v plane and checking that this indeed exactly removed the star from the image. Table 2 lists, for all four stars, published optical positions, and radio positions obtained from the 3-cm images.
Nebular fluxes
Nebular fluxes were estimated from u -v data from which the stars had been subtracted as described above. For each LBV, IMEAN was run to find the total flux in a rectangle tightly embracing its nebula. For a given LBV the same rectangle was used for both the 3-and 6-cm images. Table 3 lists, for both the stellar and nebular components of each object, the 6-and 3-cm radio fluxes, and the spectral indices implied by these fluxes. Also shown are Ha fluxes measured by various observers and summarized by Hutsemékers (1994) .
D I S C U S S I O N
The spectral indices of the stellar component of all four LBVs (Table 3 ) suggest thermal emission. Although its weakness compared with the nebular flux probably limited measurement accuracy, both this weakness and the spectral index of AG Car's stellar emission are consistent with a weak optically thin wind.
The spectral indices for He3-519's and WRA 751's stellar emissions are both close to the value (0.6) to be expected from thermal emission in a spherically symmetric radially expanding stellar wind (Panagia & Felli 1975; Wright & Barlow 1975) . We may therefore use the 3-cm fluxes given in Table 3 and the formula given by Wright & Barlow (1975) to estimate the mass-loss rates of these two stars. For He3-519 we shall adopt a distance (D ) of 8 kpc, and a terminal wind velocity of 365 km s 21 (Hutsemékers 1994; Davidson et al. 1993; Smith, Crowther & Prinja 1994) HR Car's larger stellar spectral index (1.4) is consistent with a wind having an ion density that, probably because of recombination, falls off with distance from the star (r ) more rapidly than r 22 (Olnon 1975; Panagia & Felli 1975; Wright & Barlow 1975) .
The near-zero spectral indices of the nebular component of three of the LBVs, AG Car, He3-519 and WRA 751, are consistent with optically thin thermal emission (Mezger, Schraml & Terzian 1967) , but HR Car's markedly negative nebular spectral index suggests non-thermal emission (Table 3) .
We will now describe and discuss in detail the images of each of the four sources. AG Car, He3-519 and WRA 751's 3-and 6-cm images are similar, and for this reason only 3-cm images, which have the better resolution, are shown. However, HR Car's 3-and 6-cm images differ, and for this reason both are shown. The images of AG Car and He3-519 hold few surprises, but those of WRA 751 and HR Car are unusual and will be discussed in more detail.
AG Car
Thackeray (1950) and Nota et al. (1992) have shown that AG Car is surrounded by a ring-like Ha and [N II] emission nebula. Fig. 1 shows AG Car's 3-cm wavelength radio image; we see that the nebula around AG Car appears to be a detached ring, with negligible gas close to the star. This radio image resembles in detail optical Ha and [N II] images of AG Car, and this not only confirms that the radio emission arises as optically thin thermal bremsstrahlung, but shows also that optical extinction over the image is remarkably uniform. Almost certainly this means that dust is negligible; McGregor et al. (1988) reached the same conclusion from 50-mm and 100-mm infrared observations.
He3-519
He3-519's 3-cm wavelength radio image is shown in Fig. 2 , and has the same shape and diameter (55 arcsec) as the corresponding Ha image (Stahl 1987) . It resembles AG Car in showing a stellar core surrounded by an ionized gaseous nebula, but differs in that its nebula appears to be a bubble rather than a detached ring. The radio image suggests that the gas is clumpy.
WRA 751
Optical Ha and [N II] images of WRA 751 show a roughly circular centrally concentrated nebula 22 arcsec in diameter (Hutsemékers & Van Drom 1991b) . The radio images (Fig. 3) are very similar to the optical image, and show an almost attached nebula embracing a bright central star.
Subtraction of the central star as a point source in the u -v plane, as we routinely did for all LBV images, reveals a two-component structure which we interpret as a disc or torus around the central star; with hindsight, one can see it peeking out even in the unsubtracted image. This was the only LBV for which residual emission was left after subtraction of a model point source. WRA 751's nebula is brighter on its north-east side than its south-west one, and this brightness gradient occurs even across the torus. The almost perfect morphological symmetry of the nebula would seem to exclude explanations in terms of interstellar winds or density gradients. However, h Carinae's nebula shows a similar asymmetry, and in that case it is known that the cause lies in ultraviolet illumination by a small hot companion star (Duncan et al. 1999) . Perhaps WRA 751's nebula is illuminated by a small hot star to the north-east. The torus, also, is consistent with a companion star and consequent mass transfer. . Figure 4 . 3-and 6-cm wavelength images of HR Carinae both before and after subtraction of the central star.
HR Car
Hutsemékers & Van Drom (1991a) and Clampin et al. (1995) have shown that HR Car is surrounded by a centrally concentrated optical nebula. The most recent Ha optical image of HR Car is that of Nota et al. (1997) . This shows a bright central north -south elongated core, surrounded by two, presumably polar, bubbles, with a total extent of 38 arcsec. Although the south-west bubble is the brighter, both bubbles are faint. The bubbles are faint at radio wavelengths also, but White (2000) has found correspondence between the radio and optical images.
In this paper we concentrate on the bright, well-detected, radio core. Fig. 4 shows images of this region at wavelengths of both 3 and 6 cm. The 3-cm image shows a strong component at the optical position of the star (Hipparcos Catalogue 1997; Table 2 ), and this almost certainly arises from a stellar wind immediately surrounding the star. The 3-cm image shows also a nebula to the east. The 6-cm image is dominated by this eastern nebula, and in it the contribution from the star appears only as a wide bulge.
Apart from the difference in the size of the beams, the reason for the difference between the 3-and 6-cm images is that the star has a positive (thermal) spectral index and thus dominates the 3-cm image, whereas the nebula has a negative (non-thermal) spectral index and thus dominates the 6-cm image (Table 3) .
We are most interested in the nebula and to study this and properly compare the 3-and 6-cm images we must first subtract the star. In the case of the 3-cm image this is straightforward, but in the case of the 6-cm image one might doubt that it was possible; partly because of the large beam, the contribution from the star is poorly resolved, and appears only as a wide bulge. However in practice the standard procedure worked well on the 6-cm image; within limits, no matter what position was suggested to IMFIT as its initial guess, it homed in on the optical position of the star. Of course, that IMFIT finds the true position of the star does not prove that it finds the true flux, but it gives one a little confidence, and we have subtracted its estimate from the raw 6-cm data. Fig. 4 (right) shows the subtracted images, and we believe that these represent the nebula. We have determined the flux for both the 3-and 6-cm nebular images, and these fluxes (shown in both Fig. 4 and Table 3) show that the nebular emission is non-thermal.
The rms errors of these flux determinations, as calculated in the standard way from the rms noise in an area outside the source, are small, 0.1 mJy or less, but such calculations are a little academic as larger uncertainty is associated with the choice of box judged to embrace the nebula snugly. This latter uncertainty is difficult to evaluate analytically, but even if obviously over-or undersized boxes are chosen, the spectral index remains strongly negative.
A striking feature of Fig. 4 is the eastward displacement of the nebula from the primary star. At first sight this might suggest westward motion of the star relative to the interstellar medium, but the symmetry of the outer (double-bubble) optical nebula (Clampin et al. 1995; Nota et al. 1997 ) makes this explanation untenable. Another possibility might be that ultra-violet illumination from a hot star to the east ionizes gas on the eastern side of HR Car. This could explain, in the faint outer nebula, the greater optical brightness of the south-east bubble versus the northwest one. However we favour another explanation of the eastern displacement of the inner nebula.
The Hipparcos Catalogue (1997) lists HR Car as a suspected double, and Hutsemékers & Van Drom (1991a) and Weis et al. (1997) have noted the presence of a visual companion 3.7 arcsec to the east. We tentatively assume this eastern star to be the suspected binary companion, and in Fig. 4 mark both its and HR Car's positions with asterisks. It is evident that the nebula lies between these two stars with its major axis normal to their joining line. In the 6-cm image the nebula appears to overlap the stars but this appearance arises from the large 6-cm beam. Indeed even in the 3-cm image the nebula's half-power width is only 1.9 times that of the beam, and hence its width is barely resolved and probably narrower than Fig. 4 suggests. White (2000) discussed the possibility that the nebula might arise from the colliding winds of the stars, but concluded that this was unlikely. We however believe it likely; the position, shape, orientation, and non-thermal radio spectrum of the inner nebula all suggest the collision of the stellar winds of the two stars.
SUMMARY
The radio images of all four luminous blue variables (LBVs) and their surrounding nebulae closely resemble in size and morphology corresponding optical Ha and [N II] images.
Two of the LBVs show evidence of hot binary companions. WRA 751's nebula shows a north-east -south-west brightness gradient suggesting illumination by a hot companion to the northeast, and also a torus surrounding the central star, possibly suggesting mass transfer from a companion. HR Car shows a long thin nebula lying approximately midway between it and a visual companion, with the nebula's major axis normal to the joining line of the stars. We conclude that this nebula marks the collision shock of the stellar winds of the stars. The well-known LBV h Carinae is also known to have a hot binary companion (Duncan et al. 1999 ).
Indeed we would expect a high proportion of LBVs to have hot companions, because the more numerous Wolf-Rayet stars, which lie on the same evolutionary path, frequently have such companions. Williams et al. (1990 Williams et al. ( , 1997 first found WolfRayet systems with colliding winds. Chapman et al. (1999) found that 40 per cent of Wolf-Rayet stars with measured radio spectra had non-thermal spectra suggesting wind collision. Van der Hucht (2001) found that of 227 Wolf-Rayet stars studied, 39 per cent were binaries, and of these binaries 90 per cent of the companions were of class OB.
